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EPR spectra of cation radicals from benz[a]anthracene (BA), 12 monomethylated
BAs, and 7,12-dimethyl-BA have been observed upon oxidation with thallium tristriflu-
oroacetate in trifluoroacetic acid (TTFA /TFA). The species giving rise to the EPR spec-
trum in BA/TTFA/TFA was determined to be the 7-trifluoroacetoxy-BA cation radical
and its EPR spectrum has been analyzed by numerical methods in terms of 11 nonequiv-
alent proton splittings and 3 equivalent fluorine splittings. An assignment of the splitting
constants has been proposed by comparison with the EPR spectra of the 12 monomethy-
lated BA cation radicals. The spin density distribution in the HOMO of BA has thus been
experimentally determined. © 1989 Academic Press, Inc.

Benz[a]anthracene (BA) (Fig. 1) is a weakly carcinogenic molecule (1), substitu-
tion of a methyl group at the 7, 12, 6, and 8 positions leads to substantially enhanced
carcinogenicity (2, 3), and 7,12-dimethylbenz[ a]anthracene (DMBA ) is among the
strongest carcinogenic polycyclic hydrocarbons (7). The role of cation radical inter-
mediates in the activation of these molecules to ultimate carcinogens has not been
firmly established, although much circumstantial evidence suggests that these mole-
cules may undergo a biological one-electron oxidation (4, 5). Few EPR studies of BA
cation radicals have been reported. Elmore and Forman (6) in 1976 published spec-
tra from BA and DMBA in H,SO,, which were poorly resolved due no doubt to the
nonequivalence of all the splittings in the molecule. In several previous papers ( 7-
10) methods have been outlined which have enabled the EPR spectra of the equally
complex benzo[a]pyrene cation radicals to be analyzed. In this work some of these
methods have been applied to the cation radicals derived from BA and its methylated
derivatives on oxidation with thallium (III) trifluoroacetate (TTFA) in trifluoroace-
tic acid (TFA). In addition a method of data analysis of EPR spectra using the SIM-
PLEX optimization method (/1) has been developed. This method differs somewhat
from the only previous application of the SIMPLEX method in EPR spec-
troscopy (12).

EXPERIMENTAL

Samples of 3 mg of 1- through 12-monomethylbenz[a]anthracenes (ME-BAs)
were obtained from the National Cancer Institute Chemical Repository. BA and
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FiG. 1. Structure of benz[ a]anthracene.

DMBA were commercially available samples of highest purity (Eastman Kodak). 7-
d-BA was kindly supplied by Dr. B. Rickborn (73). Oxidation of BA and derivatives
was carried out by dissolving 0.1-0.5 mg of the appropriate hydrocarbon in degassed
TFA, followed by addition of a few drops of 0.8 M TTFA in TFA. The mixture was
then degassed under vacuum using several freeze-pump-thaw cycles. The sample
was allowed to warm to room temperature for a few minutes to allow reaction to
occur before it was placed in the cooled EPR cavity. EPR spectra were typically run
at about —15°C on a Varian E-9 spectrometer.

For data analysis an Apple Ile microcomputer was interfaced to the EPR spectrom-
eter with an ADALAB board, to which the output voltage of the spectrometer is
directly sent. A data acquisition program collects a maximum 4K data points during
a user-specified scan time period. Individual splitting constants were obtained se-
guentially using a program SCANI1A (14). It is based upon the principle that when
a correct splitting constant is found the difference characterized by the sum of the
squares of the deviation between the simulated and the experimental spectrum will
be minimized for the region of the spectrum from the starting point to a limit slightly
larger than the chosen splitting. The major drawback of the program is that the outer-
most line of the spectrum needs to be located. As individual splittings are found by
the SCANIA program all previous splittings are reoptimized using the SIMPLEX
procedure. In this way, fewer parameters need to be optimized in the beginning when
the uncertainty of the parameters is sometimes quite large. This procedure also re-
duces the possibility of getting stranded at local minima which is often a problem
with the SIMPLEX method when there are many variable parameters. Eventually
when all splittings have been optimized the complete simulated spectrum should be
similar to the experimental spectrum.

RESULTS

Benz[alanthracene. On oxidation with TTFA /TFA a pink-colored solution was
produced which gave the EPR spectrum shown in Fig. 2a. The radical was relatively
stable for a few hours at temperatures below —10°C. The width of the spectrum was
found to be 22.15 G but the severe overlap arising from the many nonequivalent
splittings resulted in a spectrum of only moderate resolution. Close examination of
the central portion of the spectrum indicated that the spectrum is not totally symmet-
ric, suggesting perhaps that there is contamination from a second radical species. A
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FIG. 2. (a) EPR spectra from BA in TTFA/ TFA at —15°C. (b) Simulation of 7-TFA-BA * using splitting
constants given in Table 3.

very similar spectrum was also obtained when BA was oxidized with TTFA in
d-TFA (not shown) and when 7-d-BA was oxidized with TTFA / TFA. Unsuccessful
attempts were made, with the cooperation of Dr. Dalal of West Virginia University,
to observe an ENDOR spectrum of BA in TTFA /TFA.,

When the spectrum from BA was analyzed using the numerical methods outlined
under Experimental the best fit was found for the following set of splitting constants:
0.238 (three equivalent splittings), 0.334, 0.449, 0.504, 0.636, 1.304, 1.648, 2.038,
2.117,2.915,3.617, 5.635 G. The simulated spectrum from these splittings ( Fig. 2b)
is in close, but not exact, agreement with the experimental spectrum (Fig. 2a).

Methylated BAs. Oxidation of the 12 monomethylated BAs and DMBA with
TTFA/TFA also resulted in pink to purple solutions which produced EPR spectra
of various widths and resolutions (see Figs. 3 and 4). Well-resolved spectra whose
widths could be accurately measured were obtained from 2-, 3-,4-, 5-, 10-, 11-, and
12-ME-BAs; 7-, 8-, and 9-ME-BAs gave somewhat less resolved spectra; and 1- and
6-ME-BAs gave the most poorly resolved spectra whose widths were least accurately
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6-ME-BA

Fi1G. 3. EPR spectra of 1-ME-, 2-ME-, 3-ME-, 4-ME-, 5-ME-, and 6-ME-BAs in TTFA/TFA at —15°C,

Note the different scale for 6-ME-BA

measured. DMBA gave a spectrum very similar to that previously observed in H,SO,
(6). The widths of the methylated BAs are indicated in Table .

DISCUSSION

Radical species from BA in TTFA/TFA. There are three major reactions which
have been observed when compounds are oxidized with TTFA /TFA (15-18). They
are nuclear substitution, biaryl coupling, and side-chain substitution. The one-elec-
tron pathway for these reactions competes with a simultaneous two-electron path-
way, and in the case of aromatic hydrocarbons the cation radical intermediate of the
parent compound is sufficiently stable in many cases to be observed by EPR spectros-
copy. This, however, is not true for anthracene which undergoes substitution and
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FiG. 4. EPR spectra of 7-ME-, 8-ME-, 9-ME-, 10-ME-, 11-ME-, and 12-ME-BAs in TTFA/TFA at
—15°C. Note that 7-, 8-, and 12-ME-BAs are at one scale and 9-, 10-, and 11-ME-BAs are at a slightly
different scale.

further oxidation at the 9 and 10 positions, resulting in the observation of EPR signals
from the 9-(trifluoroacetoxy)- and 9,10-(ditrifluoroacetoxy)-anthracene cation rad-
icals (19). It was also noted that when the 9 position was substituted with a methyl
group, substitution was blocked at that position. It has been similarly observed that
benzo[a]pyrene undergoes substitution at the 6 position upon oxidation with
TTFA/TFA to give an EPR spectrum of the cation radical of 6-trifluoroacetoxyben-
zo[a]pyrene; on the other hand, the cation radical of 6-methylbenzo[a]pyrene is
stable for some time on oxidation with TTFA / TFA (9). By analogy with these results
it is possible that the radical observed from BA upon reaction with TTFA /TFA is
one of four likely cation radical species, namely the BA cation radical, 7-trifluoro-
acetoxy-BA, 12-trifluoroacetoxy-BA, or 7,12-ditrifluoroacetoxy-BA cation radicals.
The 7 and 12 positions of BA are analogous to the 9 and 10 positions of anthracene
and are known to be positions of highest reactivity. Reaction products of BA in the
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TABLE 1

Measured Widths of the EPR Spectra of BA and Methylated BAs
in TTFA/TFA at —-10°C

Methyl EPR width Methyl EPR width
substitution (gauss) substitution (gauss)

— 22.15+0.10 7 39.28 +0.20
1 23.04+£0.05 8 34.90 £ 0.20
2 28.75+0.10 9 25.30+£0.20
3 2498 +£0.10 10 30.14 +£0.05
4 22.65+0.05 11 30.06 £0.10
5 2875+0.10 12 36.00 £0.05
6 34.15+0.50 7,12 56.70 £0.20

one-electron oxidizing systems iodine-pyridine and manganic acetate-acetic acid
have indicated that the 7 position of BA is the most reactive position, closely followed
by the 12 position (20, 21). The similarity of the EPR spectra from BA and 7-d-BA
is also indicative of substitution at the 7 position. The deuterium cannot be lost by
simple exchange since the exchange reaction is known to be slow (22) asis also shown
by the similarity of the spectra from BA in TFA and d-TFA. If the deuterium were
not lost by substitution the EPR spectra from BA and 7-d-BA would have been quite
different due to the changed nuclear spin and splitting of the deuterium atom.

Further confirmation of the identity of the radical species from BA can be obtained
by comparing the spectral widths of the radicals obtained from 7-ME-BA, 12-ME-
BA, and 7,12-DMBA. If three assumptions are made, (i) that methyl substitution
does not change the sum of the spin densities from all other positions, (ii) that the
methyl proton splittings equal the splitting of the ring proton they replace, and (iii)
the splitting of the trifluoroacetoxy group is the same whether the TFA group is at-
tached to the 7 or 12 position, then the spectral widths can be expressed as the sum
and differences of four components. These are the width of the BA cation radical, B,
which equals the sum of all 12 proton splittings, the splitting of the protons at the 7
(H,) and 12 (H,) positions, and the splitting of a TFA group (7). The most likely
species formed and the corresponding equations for each possibility are listed in Ta-
ble 2. For BA only the 7-substituted and 7,12-disubstituted derivatives are considered
because of the evidence for 7 substitution cited above. For the 7- and 12-ME-BAs
only monosubstitution or no TFA substitution is possible, and for DMBA no TFA
substitution is possible. Eight possible sets of simultaneous equations can be formed
by choosing one species for each compound. The solutions to these equations are
shown in Table 3. Set 4, comprising 7-TFA-BA {, DMBA*, 7-ME-12-TFA-BA, and
12-ME-7-TFA-BA*, gave the most reasonable solution, since all other sets gave large
values for the TFA group splitting, which by analogy to anthracene and
benzo[a]pyrene is expected to be quite small.

The simulation of the EPR spectrum of BA in TTFA /TFA is also consistent with
the formation of 7-TFA-BA T since the group of three equivalent splittings of 0.238
G, presumably from the three fluorines of the trifluoroacetoxy group, is similar to the
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TABLE 2
Possible Species Formed and Equations for Total Width of EPR Spectra

Reactant in
TIFA/TFA Possible species Equation for width
BA la 7-TFA-BA* B—H;+T=22.15

1b 7,12-TFA-BAY B—H,—H,+2T=2215
DMBA 2a DMBA* B+2H;+2H;, = 56.70
7-ME-BA 3a 7-ME-BA™* B+2H,=139.28

3b 7-ME-12-TFA-BA* B+2H;— Hi, + T=3928
12-ME-BA 4a 12-ME-BA* B+2H,, =360

4b 12-ME-7-TFA-BA* B+2H,—H,+T=1360

0.276 splitting found for 9-trifluoroacetoxy anthracene (19). The sum of the three
fluorine splittings in the TFA group (0.714 G) is somewhat less than the 3.37 G
calculated in Table 3, but the assumptions used to set up the equations in Table 2
should be considered approximate. In addition to the three equivalent splittings, 11
nonequivalent proton splittings were found as expected for 7-TFA-BA . As pointed
out above the agreement between the simulated and the experimental spectra is not
perfect. However, the slight asymmetry of the experimental spectrum suggests that it
may contain a contribution from a second radical species which could be
7,12-DiTFA-BA T,

Radlical species from monomethyl-BAs in TTFA/TFA and estimated methyl split-
tings. It has been shown previously that the effect of methyl substitution on the radical
products from benzo[a]pyrene is negligible in most cases unless the substituent
blocks a reactive position (10). It is to be anticipated that methyl substitution in BA
would have little effect on the formation of the 7-trifluoroacetoxy cation radical un-
less it occurs at or near the 7 position. For those ME-BAs whose products from one-
electron oxidation reactions have been investigated (20) it was found that 2-, 5-,11-,
and 12-ME-BAs gave exclusively substitution at the 7 position. 6- and 8-ME-BA gave

TABLE3

Solutions of the Simultaneous Equations Formed
from the Data in Table 2

Possible species B H, H,, T

(1) 1a,2a,3a,4a 18.58 10.35 8.71 13.97
(2) 1a,2a, 3a, 4b No solution

(3) la,2a,3b,4a 8.16 10.35 13.92 24.34
(4) la,2a, 3b, 4b 26.80 8.02 6.93 3.37
(5) 1b,2a, 3a,4a 18.58 10.35 871 11.32
(6) 1b, 2a, 3a, 4b 17.30 10.99 8.71 12.27
(7) 1b, 2a, 3b, 4a 15.10 10.35 10.45 13.93

(8) 1b, 2a, 3b, 4b No solution

J
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mixtures of 7- and 12-substituted products and 7-ME-BA gave predominantly a 12-
substituted product. Unfortunately, in our studies, due to the small amounts of mate-
rials available, it was not possible to investigate in any detail the identity of the prod-
ucts formed in each case. As was indicated in the previous section the measured
widths of the radicals from 7- and 12-ME-BAs are consistent with the formation of
12-TFA-7-ME-BA* and 7-TFA-12-ME-BAY, respectively. If it is assumed that the
radicals observed are 7-TFA-substituted BAs except for 6-, 7-, and 8-ME-BAs it is
possible to estimate the methyl splittings in each case from the measured spectral
widths. Thus the increase in spectral width of a ME-BA over that of BA in TTFA/
TFA is equal to twice the methyl proton splitting, assuming that methyl substitution
does not change the sum of the splittings from all the other unsubstituted positions.
The estimated splitting can be calculated assuming either 7- or 12-TFA substitution.
In the latter case, the width of the 12-TFA-BA cation radical should be subtracted
from the measured width. Since 12-TFA-BA * has not been observed its width must
be calculated from the data in Table 2. Similarly, for 7-ME-BA, the width of
12-TFA-BAT must be used to give the estimated methyl splitting. The estimated
methyl proton splittings obtained in this way are shown in Table 4.

Assignment of splittings in 7-TFA-BA*. The estimated methyl splittings derived
above can be used to suggest an assignment for the splittings obtained for the 7-TFA-
BA cation radical. If it is assumed that methyl substitution does not perturb the spin
density distribution to a large extent, then the order of estimated methyl splittings
should reflect the order of proton splittings in the unmethylated compound. The
magnitude of the proton splittings is usually found to be somewhat less than the
estimated methyl splittings, especially at the high spin density positions. This is due,

TABLE 4

Estimation of Methyl Proton Splittings from Spectral Widths

Methyl Spectral width Anticipated Estimated CH splittings*®
position (gauss) TFA substitution (gauss)
1 23.04 £0.50 7 0.15-0.73
2 2875 +0.10 7 32-34
3 2498 +£0.10 7 1.31-1.51
4 22.65+0.05 7 0.15-0.35
5 28.75+0.10 7 3.2-3.4
6 34.15+0.50 7 and/or 12 5.7-6.3 0r5.2-5.8°
7 39.28 +£0.20 12 . 79-8.1
8 3490 +£0.20 7 and/or 12 6.2-6.5 or 5.7-6.0°
9 2530 £0.20 7 1.42-1.72
10 30.14 £0.05 7 3.92-4.07
11 30.06 +£0.10 7 3.85-4.05
12 36.00 £0.05 7 6.85-6.9

2 Estimated CH; splitting for 7-TFA substitution = (spectral width — 22.15)/2, since
width of 7-TFA-BA*is 2215 G.

b Bstimated CHj splitting for 12-TFA substitution = (spectral width — 23.2)/2, where
estimated width of 12-TFA-BA* = B — H,, + T (from Table 3).




492 CHEN AND SULLIVAN

no doubt, to the charge dependence of methyl group splittings (23). From the esti-
mated splittings in Table 4, one would predict that the order of proton splittings
shouldbe 7> 12>8>6> 10~ 11 >5 =~ 2 >9 =~ 3 >4 ~ 1. The assignment of
splittings for 7-TFA-BA * based on this order is shown in Table 5. A comparison with
the splittings calculated for BA? from a simple McLachlan modified HMO calcula-
tion (6) shows general agreement with the values proposed.

Correlation with biological activity. It is well known that 7- and 12-ME-BAs are
potent and moderately potent carcinogens and mutagens (24, 25) and that substitu-
tion at both 7 and 12 positions gives the very potent DMBA. It is also found that 6-
and 8-ME-BA are also moderately potent carcinogens and mutagens whereas the
other methyl substituted BAs are found to be weak or inactive carcinogens (26). No
clear explanation has yet been given for the increased mutagenicity and carcinogenic-
ity resulting from methyl substitution at the 6, 7, 8, or 12 positions. It 1s, however,
apparent from our results that these are, in fact, the positions of highest spin, and
hence electron density, in the highest occupied molecular orbital of BA. The effect of
methyl substitution on the metabolism of BA to ultimately carcinogenic forms could
occur through the formation of hydroxymethyl derivatives. The in vivo formation of
hydroxymethyl derivatives could proceed through an enzymatic one-electron oxida-
tion to form an intermediate cation radical which would be susceptible to nucleo-
philic attack at positions of high electron density. If methyl groups are substituted at
such positions, loss of a methyl proton can yield a benzylic carbonium ion which can
react with water to give the hydroxymethyl derivative. The formation of hydroxy-
methyl derivatives may serve to activate the hydrocarbon in one of two ways. The
hydroxymethyl derivative may undergo further reaction to produce hydroxymethyl
esters which are often highly mutagenic compounds which can bind to DNA in vitro
(27-29). Alternatively the hydroxymethyl derivatives may have an increased affinity

TABLE 5

Assignment of Splitting Constants in 7-TFA-BAT and
Comparison with HMO Calculation for BAY

Splitting HMO calculated
Position assignment 1 splittings®
1 0.33 0.59
2 1.30 0.88
3 0.50 0.16 '
4 0.45 T 052
5 1.65 2.15
6 291 1.95
7 0.238 (3F) 6.91
8 3.61 3.18
9 0.64 0.72
10 2.12 1.21
11 2.04 2.76
12 5.63 571

2Q=25G.
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for the metabolizing enzymes over that of the parent compound (30). Such increased
affinity might lead to the preferential metabolism of the hydroxymethyl derivatives
to ultimately carcinogenic diol-epoxide derivatives.

There is considerable information on the metabolism of 6-, 7-, 8-, and 12-ME-BAs
(31-33) and it is interesting to note that hydroxymethyl metabolites are found in
significant amounts. A study of the formation and reactivity of hydroxymethyl deriv-
atives from all 12 monomethylated BAs might provide more detailed information to
correlate with the electron density predictions.

REFERENCES

1. A. DIPPLE, in “Chemical Carcinogens” (C. E. Searle, Ed.), p. 245, Am. Chem. Society, Washington,
DC, 1976.

W. F. DUNNING AND M. P. CURTIS, J. Natl. Cancer Inst 25, 387 (1960).

J.L. STEVENSON AND E. VANHAAM, Am. Inst. Hyg. Assoc. J. 26,475 (1965).

E. L. CAVALIERI AND E. G. ROGAN, in “Free Radicals in Biology” (W. A. Pryor, Ed.), Vol. 6, p. 323,

Academic Press, New York, 1984.

E. L. CAVALIERIAND E. G. ROGAN, Environ Health Perspect. 64,69 ( 1985).

1. J. ELMORE AND A. FORMAN, Cancer Biochem. Biophys. 1, 115 (1975).

P. D. SULLIVAN, J. Magn Reson. 54, 314 (1983).

P. D. SULLIVAN, F. BANNOURA, AND G. H. DAUB, J. Am. Chem Soc 107,32 (1985).

P.D.SurLivan, 1. J. Ocasio, X. CHEN, AND F. BANNOURA, J. Am. Chem. Soc. 108, 257 (1986).

10. X. CHEN, F. BANNOURA, AND P. D. SULLIVAN, J. Magn. Reson. 75,283 (1987).

11 J. A. NELDER AND R. MEAD, Comput. .J. 7, 308 (1965).

12. A.L J.BECKWITHAND S. BRUMBY, J Magn. Reson. 73,252 (1987).

13 S.L.CrUMP, J. NETK A, AND J. RICKBORN, J Org. Chem 51, 1189 (1986).

14. X. CHEN, Ph.D. dissertation, Ohio University, June 1988.

I5 E.C.TAYLOR AND A. MCKILLOP, Acc. Chem. Res. 3,338 (1970).

16, A. McKiLLop, A. G. TURRELL, D. W. YOUNG, AND E. C TAYLOR, J. Am. Chem Soc. 102, 6504
(1980).

17. 1 H.ELSONAND 1. K. KocHL, J 4m. Chem. Soc. 95, 5060 ( 1973).

18. W.LAUAND J. K. KOcHI, J. Am. Chem. Soc 106, 7100 (1984).

19 P.D. SULLIVAN, E. M. MENGER, A. H. REDDOCH, AND D. H. PASKOVICH, J. Phys. Chem. 82, 1158
(1978).

20 E. CAVALIERIAND R. ROTH, J. Org. Chem. 41,2679 (1976).

21. E.G.R0OGaAN, R. ROTH, AND E. CAVALIER], i “Polynuclear Aromatic Hydrocarbons: Chemistry and
Biological Effects” (A. Bjorseth and A. J. Dennis, Eds.), p. 259, Battelle Press, Columbus, Ohio,
1980.

22. G. DALLINGA, A. A. VERRIN STUART, P. J. SMiT, AND E. L, MACKOR, Z. Elektrochem. 61, 1019
(1957).

23. I.R BOLTON, A. CARRINGION, AND A, D. MCLACHLAN, Mol Phys. 5,31 (1962).

24 D.UrescH, H. GLATT, AND F. OescH, Cancer Res. 47, 1509 (1987).

25. P. G WisLocki, K. M. FIORENTINI, P. P. Fu, S. K. YANG, AND A. Y. H. Lu, Carcinogenesis 3, 215
(1982)

26. H. GLATT, K VOGEL, P. BENTLEY, P. Sims, AND F. OESCH, Carcinogenesis 2, 813 (1981).

27. T. WATABE, T. ISHIZUK A, M. ISOBE, AND N. OzAWA, Science 215, 403 (1982).

28 T WATABE, Y. HAKAMATA, A. HIRATSUK A, AND K. OGURA, Carcinogenesis 7,207 (1986).

29. T. WATABE, 1. FUJIEDA, A. HIRATSUK A, T. ISHIZUKA, Y. HAKAMATA, AND K. OGURA, Biochem
Pharmacol 34,3002 (1985). i

30. M. CHRISTOU, C. MARCUS, AND C. R. JEFCOATE, Carcinogenesis 7, 871 (1986). !

31 8.K. YANG, M. W. CHOU, AND P, P. Fu, in “Polynuclear Aromatic Hydrocarbons” (A. Bjorseth and
A.J Dennis, Eds.), p. 645, Battelle Press, Columbus, Ohio, 1982.

32. M. MUSHTAQ, P. P. FU, D. W. MILLER, AND S. K. YANG, Cancer Res 45,4066 (1985).

33 S.K YANG, M. W. CHou, P. P. Fu, P. G. WISLOCKL, AND A. Y. H. LU, Proc. Natl. Acad. Sci. USA
79, 6802 (1982).

AW N

A =NR*-TRN Je SRV




